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Recent rescsrdi hx the field of luuMmccTc-scak dcctronics Ixas 
focused on two fnndamentol issues: the operating prinoples of 
smaH-ficale devices^ and schemes that lead to their realization and 
cv^catuad integration into oscfiil circidtA* EJcpenmental studies on 
mdccnlax' to submicrometre' qmntmn dots aitd on the electrical 
transport in caxbon nanotnbes'^ have oonfizxned dieozctical' 
prcdktimi5*~' 6f an increasing fok for dur^bog dBSocts as the 
device jUKwlwIjili^ Nc tci Lli dcsa, the Gonstmctian of nano- 
metre-scale cixcnits finun sad& devices remaini problematic 
largely owing to the tfifificnhie:^ of achxcving htter-dement 
wiring and electrical Uitexfulng y> znaczoscopic electzodes. Hie 
use af mdlcctilar recognitimt processes and the se]f-assettbl)r of 
mtdecoles into sii^ramolecnlflr stroclures^* mi^t hiAp overujiue 
dice i^flB^it?»q- In this context* DNA has tixe ^pxopziate 
moleculai^recognition^^ and mechaxdcal'^^ properties, but poor 
electrical diaractetistlcs pxeveot its direct t^ in Wfctfical cii^ 
cmts. Here we descdbe a two-«tep procednrc that may allow the 
applicatian of DNA to the constroctian of fimtflonal drcnits. In 
our sdiemc» faybridizatian of the DNA molccole witib «ot£iCe- 
boond oiigoiindcotides b first need to stretch it between two gold 
<d£ctrode$; the DNA molecule Is then used as a temi^ate for die 
^vectoridl growth of a 12 pjn hmgi. 100 nm wide condnctive tilvcr 
Tftrc- The eipfTl'"*^* «wifiTTT« flwt tlia rtcftgnition e^ahiUtiga of 
DNA can be eaqplohed for tiie targeted att arfiment of ftmct&oaal 



The first step ia the ootistrtiction of the sihrer wire involves the 
6clf-afiS€mbiy of a DKA template oonnecung tvro gold electrodes 
12-16 lun a^art (see Rg. 1 for an oudlne of the procedure). Hrst; 
12-ba3e oligonucleotides, derivatized with a disulphide group at 
their V end, are zttadied to die electrodes throi^ solphur-gold 
interactioas. The electrodes are ea^ mariced with spedfic but 
difierent oUgonudeotide sequences* A connection is then made by 
hybridizing two distant surfece-bonnd Qligonncleotides wida a 
16 pAi long and fluorescendT' labelled X-DNA that contatxxs two 
n-base stidc/ ends, ^ere each of the ends is oompkmentarytD one 
of the two difoent sequences flrtadied to the gold electrodes. 
Hybridization on both ends is fedlztated by covoing the electrodes 
with an aqueous solution containing the K-DNA axtd inducing a 
fiow peipendicolar to the electrodes, thereby sttetdiing the X-DNA 
molecules in die Gow dirrctfon (odier str rtrJihig methods can be 
used; for a^plicatiOQ of an dectiic field« see re£ 17). The flow is 
cenninated \^bieQ a shx^ DNA biidge is observed by fluorescence 
• microscopy (see'Bg. 2), usually a&er a &w Tninatex CuTTing of the 

HimAaiVQt.391ll9FCBSUAfiari998 ^ 



DNA bridge under a flow parallel to the electrodes shows it to be 
attached solely to the electrodes. The mechod does not guarantee a 
singie DNA bridge. However, in p'rii video microscopy and imaging 
of the resulting silver wire by atomic force microscopy (AFM; see 
below] reveal a silver bridge only in pbces where DNA was 
previously fluorescently Imaged, We also tried stretching the DNA 
between two electrodes in the reverse order* performing hybridiza- 
tion and ligation of the diiulphide-derivatized oligonudeotides to 
the long DNA molecule before it was applied to the sample (see 
Methods section), The binding of the dcrivaiizcd A-DNA in this 
case was again aided by an induced perpendicuUr flow. Both 
methods work equally well 

To instill electrical fonctionality, silver metal is vectorially depos- 
ited along tiie DNA molecule. The three- step diemical deposition 
process (sec Fig. 1 and Methods) is based on selective localization of 
silver ions along the DNA dirong^ Ag^/Na^ ipn-exdiange'* and 
formation of complexes between the silver and djc DNA bases**^^ 
The Ag^/Na* ion-exchange process is monitored by following the ' 
almost instantaneous quenching of the fluorescence signal of the 
labelled DNA The ion^exchange process, whidi is hi^y selectWe 
and restricted to the DNA template only» is termuiated when the 
flnorescence signal drops to 1*5% of its initial value (the quenching 
is much &£ter than nomtsil bleaching of the fluorescent dye). The 
silver loh-exchaDged DNA is then reduced to form; nanotnetre-sized 
metallic sihrer aggregates bound to the DNA skeleton. These silver 
aggregates are subsequently forther 'developed, modi as m the 
standard photographic procedure* using an addic solution of 
hydroquinonc and silver ions under low light conditions^. Sudi 




CoRducttvosiiv&r 
w(w 

Ftourv 1 CoAstnjctioii of a aflvar wtro oonnoetfA$ SoM elecM 
Imaga snows ina,eiecGroa« patmm (osx a5min) usad In the &a>efimema. The 
two GO )kni long, paraDel eteorodes are oonneoect to tour 1 100 x 100 pm\ bondng 
pads, a, Oligonixoteotrdas with two dltfarsnt sequences attached to the 
ofeccnodea. b, x-ONA brWB9 connactinfl (ha i«« aiactrodaa. c, Silvei^tofvtoadBd 
DNA bridgo. d. MatalQc s0v*r aggregates bound to the DNA sJceteson. Rdty 
deveiopod sitve/ wim. A fun desen'pDon of me preparatron steoa ean be fot^id in 
The Mfitnods soctfon. . 
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solutions are metastabk, mi spontaneous metal dep«5tion a 
nonrnlly very dow. However, the sflver a^tes on the DNA 
act M catalyst, and tignificandy accelerate the process. Under the 
experimenul conditions, metal <J«P0*i''«>7^« f^j^'Si; 
along the DNA skeleton. leaving the passnwted glass ptaenca^ 
dean of aWenThe sUver deposition process is monitored m sitoby 
differential interference contrast (DIC) microscopy and tenmnated 
when a trace of the metal wire is dearly observable under the 
Biicroscope. Hie metal i«rc follows ptedsdy the previous fluores- 
cence i«4e of the DNA skeleton. The Stinctttr^ size and cond*^ 
tion properties of dw metal wire arc rcprodudble and diOfltad by 
the 'developing conditions. . , . 

AFM images of segments of a lOOmn >adm l2jun long wut 
contJcctinB the two gold electrodes « piesented m Fig. 3, The 
images are representative for the whole wire. A» deariy seen, the 
ll^^^nsistsTf gnuns of 30-50mn diameter deposited dong ^ 
DNA skeleton. We have also febiiatfid wilts M narrow a£ 25 nm 
AFM imaging showed the sflyer coating to be discantmttoufi, with 
some gaps between saver grains. 

TWterininal electrical measurements were made on the sOver 
shown in Fig.- 3, The resultant J- V curve*, obtain^ wiA an 
apparatus havmgTn internal reshrtana of ^lO" 0, arc dasplayedm 
IS. 4. The cuTrts are faigMy nonlinear Mxd as)an^ 
tozcro bias. The shape of the curves depends on &e voltege scaa 
directian indicated bjr arrows. Approaching «ao voltogc from lajrg 
positive or negative bias, a xero-amxot pl^tt tordops with 
dSerential reStence larger than 10»a At a higto 
aeain becomes conductive with a differential resistance somewhat 
l^than in the original bias poUritr^Rci^ 
given we, in the same scan direction, yield rcprodudble J-V 



froin a fraction of a volt to roughly lOV, depending on the silver 
growth conditions. The solid line in Fig. 4b depicts, for example, the 
f-Vcurvc of a dififerent wire in which the sUver growth on the DNA 
was more extensive. Compared with die first wire, the plateau was 
redvccd from about 10 V to 0 J V> and the differentia! resistance at 
voltages beyond the plateau was reduced from 30 MQ to 7 MQ. By 
applying voltages higher than about 30 V to the wires that went 
through extensive sihrer deposition, the pJateiii could usually be 
permanendy eliminated to cbmic behaviour (dashed-dotted 
line in Hg. 4b), • 

Each experiment was accompanied by two control measurements 
to investigate whether cither the DNA bridge or the deposited silver 
on their own could contribute to the observed decorical.transport. 
The two insets in Rg. 4b sh ow the /- V curves obtained fo r a X-DNA 
bridge in the absence of sflver deposition (bottom inset) and for a 
ndghbouring device without a DNA bridge that underwent the fuU 
sflver deposition treatment (top inset). Both control measnrcments 
comistendy yielded a resistance higher than our measurement 
capabilities, 10"a (Note that the current scale ht both insets Is 
100 times smaller Aan in Ihe main graph.) Ourdiriect d.c measure- 
mentj showwl the IGjun long douWe-strandcd DNA to be practi- 
cally insulatiiig. It is not dear how to compare our measurements 
with previously published dedron-traosfcr rates obtahied frwi 
optical measurements on diort DNA segments**^. Per&ct oorre- 
Ifltion was found between Ac appearance ofa DNA bridge in the 
fluorescBnce imagr, the formation of a aOiver wire r oniw cti nc the 



the origin of die cPttremely hi^ lesistsnce at small bias, and of 
the dependence of the current on the vohage scan dirccnon, axe not 
yet dear. If one invokes the Ondomb blodwde pbcnomaon arid 
tiM grain diarging energy, -0.1 eV, as inferredfrom 
lijc AFM Images, the large plateau requires simultaneous d^r^ 
ofaWnumberofgndttsin series. It is not dear,howcvrt.v^^ 

audi a medianism can yield a history-dependent I-V 
Another source of nonlinearity m^^t be ^^J^ f^^"^ 
resistance due to dWer corrosion. The shape of the I^V curve 
could then be attributed to electiwhemical processes m the cor- 

ion barriers* „ 
me length of the zero bias plateau in dififerent wires may vary 







Fl8um 2 Rworescenca imsse of lt« DNA &rt(l9a. 

Molecuar Probes. Eugene. Oregon! i^NA is etreiched between xhq goW 
eleaiodeQ (dsrlt wipe), ifluro apart Ttw cJectredes ere connected to tergo 
bonding pads (l2Satmaw«3ft 
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P^u» 3 Alomicferea mtooacopy mgoa (Oknetwian 300a Digitri tnsDuments) 
of a slver wi.^ oonnectinQ tw gold o(«an>38s T2Hm «p^^ 
fleW aafia. Note the B«nuter mofphotogy flJ the ooniiu(ah« iM^ 
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electrodes, and the resulting conduction between the * electrodes. 
These obscrvations» in conjunaion with the control experiments, 
prove that the electric current is carried solely by the silver deposited 
on the DNA bridge. 

The remarkable recognition capabilities of DNA, used in this 
study to construct o metal wire connecting two electrodes, have also 
been exploited in other recent studies. The use of DNA has, for 
example, allowed researchers to organiie- colloidal parddes into 
rhacrowopic crystal-like aggrcgatcs^'^ and to dictate the shape and 
size of semiconductor nanopartide assctnbliesr'. The use of a DNA 
polyanion as a template for the assembly of electronic materials is 
not limited to metals. In another study, vrc have used a DNA 
template to fabricate a poly-(p-phenyfene vinylene) (PPV) fiUmcnt 
by attadiing a positively charged pre- PPV pclyincr to the sketched 
DNA and subsequendy treating it to form a highly photoluminesccnt 
PPV wire*. 

The. construction of (hnctional nanoscale electronic devices is 
likely to require self-assembly processes. The present study 
provides a step towarxls such developments: v/c have demonstrated 
that DNA is a sophisticated substrate for the targeted attachment of 
a conductive metal wire w^ose width is well below the thininial 
dimensioni accessible by standard, large-scale micttxJcctPonics 
technology. Even though the hysteric /-V curves tliat wc observe 
are interesting, low-resistance, ohmic metal wires are essential for 
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RBir« * ExpertmemaBy observed !-V curves, a. Two tenninal /-V curves of mo 
a aw wfre shown 1 n Rg. a AiTOwa indlcata vo toga acftn 
in -eBcn dlffictfan present repeated meflauremcnis thus demonsraUng th« 
sta billty of a gtven wire, rto© tna aiffersm aoymnjetry perta Wng to tfte two scan 
<3irecJion4. b. I^V curves of e dmensm aOvwr «*» in which the oflver growth wss 
more axrensrve than In a. Extendvo gwwth rasutted in a nanowercurrem ptataau 
(8oBd curve), cn tti« OfxJer of 05 V, and a k3wer diftemntiai fBstetsnco (7 Mo ver^« 
30fw«i fo fl). By dpp*y^ 50V to tfw wtm, iha pimeou has been permanantfy 
afimlnated to give en onmie bdhavtour (dasftod-dottad IlneJ. ewer the whole 
measurwe/w range. curves of a ONA brttge wfth no eifver depoettten, and 
eftve-deposiilon wfthom o DNA brfdgs* are depictod in the bottom and top m»et8t 
raspact^rfey. In both cesas, the samote te Insutodng. 
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future ppplicntiorw- Such wires might be accessible by making use of 
different growth conditions, different metal types or post-growth 
thennal treatments. □ 

tuiethoda 

Sample preparaUofi. A ^nisctnrcnlip ii immersed In fuming nitric acid for 10 
min, rinMd with DI water, immersed in a IM NaOH solution for a further 
to min and rin4<d again with Dl witcr. The deaned glnss is dried thorougliif ' 
and then pasiivatcd against spurious DKA binding by immersion for 12 hours 
in a 1:5 yfv solution of ttimechyl chloroabne (Sigtiml in tecraditoroeth^ttc 
(Sigma). Th€ Sample is then rinsed care^Uy sevaral times with tctra- 
chlorocchane and isopropanol and dried thoroughly. Beetnidci, or 
16 fUQ a^rt* arc defined on the covers) ip by standard photolitho^ph/ and 
subsequent high vacuum deposition of a SO nm gold layer on top of a 10 nm 
titaniam adhoion laye^ A UEt-oft process then follows. 
ConstrvctfngttwDNA bf1dgo(seeF{^ 1). O ne gold electrode is wetted with a 
IGT^pJ droplet of an aqueous solution contaioing OJdM of a 5'- 
GGGCGC0GACCr-5''disulpKfde oligonucleotide (Oligo A} and lOmM 
NaC SimilaTiy, die other dcctrode b mar&ed vrich a sohition containing 5'- 
AGCrrCGCCGCCC-3-di3ulph{de oligooudeoddcs (Oligo B). Both oliganu- 
deotkla arc synthctittd using a 3'-C6-difulphide CPG (Oontcch Labora- 
tories. Palo Alco, California). After rinsing, the structujr is covered by a 100 pi 
solution of X-DNA (OJpM» Promeffit Modison. Wisoonstn) in 10-lOOmM 
Nad The X-DNA has two stidcy ends that are con^lemeDtary to OUgos A and 
& A flow pcxpcDdicnlar to die dectrodes is induced by mixsoplpcttc Auction of 
the soUicioa. The Sow stretches the X'DNA molecules perpendicular to the 
dcctfodcs, tending to dicir hybridixation with OHgos A and B attached to the 
two electrodes. 

Hybddtzatfon and ligation befora appUcatlDn to ttie Dtoctroctes. The two. 
types of oligonucleotides are phosphorytated at (hdr 5' ends ooiiig T4 
polynucleotide kinase (New England Blobbsr Beverlyt Massaehnsetts). The 5' 
phoBphate of tbc XrONA if ren«Qv«d oaing Shrimp' aOcaline pbosphatsse 
(Amecsham. Ariington Heights. Utisois) to pieyeoi Egation of its ccroi4«- 
mentar/ stick/ oods to form a cydic DMA. One type of cdigonncleottde is then 
bybridizcd widi die X-DNA (lo'-fold oDoesi of oligonisdeotidos} whik the 
«ohrt)oa(sodhun phosphate bufieraad IM NaO. pH ta 7) slowly oo<^ down 
(16 hours) fcom 75 "C to 4"C The hybridoEalion is bUowed by ligation using 
T4 Hgue (New Eo^d Biolabti} « 16^ fi>r 16 hours^ Th« solution is then 
filtered (MlcroooA-lOO, Amieon. Beverly« Maasacfausent) to reoiovc ouxbs free 
otigonudeotidB. Hie second type of oiigontxdeotide is then hybridized and 
lighted with tfa« odier sddky end of th« X-X>NA using the same procedoxes. 
SOmdopoddoiL fidng a polyaiuott, tiieDKA btidgB is loaded wnth sil^ 
by Na'^/Ag* ion exchange using a aiM Ag^Qi Wc aqoeoos solutioii 
(amnumxum hydroxide^ pH » 10^)* the sUvcr ion/DNA complex is reduced 
using a basic bydxoquinoae solvtioA ((M15M, ammoaxum hydraadde. 
pH 105) to £bnn small meollic tStra aggRgatst bound to the PNA 
skdeton. The DNA tempted wire is 'dereloped* using ati aci^ solution 
(pH =: 33, dtntt bu&r) of faydmqttiZkOtKe (OuOSM) and abftr ions (aiM) 
under lofw Ugbs ootididoDS to-^a siha wim along die DMA 9faeleEon. . 
rm*gf ng Mtup. An inverted microscope (Auoyert 135, Zoss), equipped with 
lOQx oil-inimcncd ob^ccdme. 100-W oaeroity laitip wttb a rm , ima^ 
intcnrifier (C-2400 Hamamatiu) and video processor (Omnexi ln>agen 
[nstrnmoitateon), ii nscd 6»r fliioresoenoe imaguog of ^ DNA tnolecoles. 
The ume miaoscope and objective, with Ae proper DIC slide, and a 100-W 
halogen lanip are used for Die ioBsging of ibe silvfr wixB. 
Eloctrteal moasurainonts. AD dectncal measttrocneDts carried-out 
between two banding pads (see Fl^ l)osing a 4145 HP parsnieter analyser with 
internal roistuKz^iO'^ Q and enrre&i lesohtion of 10 £A* 
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